Figure 1. Pitx2 mRNA Is Rapidly Degraded Due to the Presence of Destabilizing Sequences in Both Its Coding Region and 3ЈUTR
(A) Rapid downregulation of Pitx2 mRNA during pituitary development analyzed by in situ hybridization using an antisense riboprobe. o.e., oral ectoderm; r.p., Rathke pouch; a.p., anterior pituitary. (B) Pitx2 mRNA is unstable in ␣T3-1 cells. Exponentially growing ␣T3-1 cells, serum starved for 24 hr, were treated with 5 g/ ml Actinomycin D, harvested at the indicated times, and total RNA was prepared. Pitx2 and ␤-actin mRNA levels were analyzed by RNase protection assay. Lane 1 shows the undigested RNA probes. (C) In vitro RNA degradation assay to identify destabilizing elements present in Pitx2 mRNA. Internally 32 P-labeled, capped, and polyadenylated entire Pitx2, Pitx2 5ЈUTR, Pitx2 CDS, Pitx2 3ЈUTR, and GAPDH RNA substrates were incubated with S100 prepared from ␣T3-1 cells for the indicated times. RNA was analyzed by denaturing polyacrylamide gel electrophoresis followed by autoradiography. (D) Non-AUUUA class III ARE account for the destabilizing activity of Pitx2 3ЈUTR. Capped and polyadenylated RNAs including E1, E2, or E3 of Pitx2 3ЈUTR were used as substrates for in vitro degradation assay as described above. Schematic representation of the Pitx2 3ЈUTR and the location of E1, E2, and E3 is shown at the bottom; ovals represent U-rich stretches. (E) The exosome is required for rapid degradation of Pitx2 3ЈUTR. Immunoblot analysis of ␣T3-1 S100 depleted with normal human serum (NHS) or anti-PM-Scl serum using antibodies to either the human exosome component Rrp4p or KSRP (left panel). Capped and polyadenylated Pitx2 3ЈUTR mRNA was incubated with control-(NHS) or exosome-(anti-PM-Scl) depleted S100 and its decay analyzed as above (right panel). . S100 were prepared from either mock-transfected ␣T3-1 cells or ␣T3-1 stably expressing a constitutively active ␤-catenin (␤-catenin c ). RNA substrates (as indicated) were incubated with S100 and their degradation was examined as described in Figure 1C .
(D) Stabilization of Pitx2 3ЈUTR upon LiCl treatment does not depend on cap and polyadenylation. RNA substrates (as indicated) were incubated with either control or LiCltreated S100 and their decay was analyzed as described in Figure 1C . Arrowheads point to both polyadenylated and deadenylated forms of Pitx2 E2 p(A) ϩ . were incubated with cytosolic S100 extracts (S100) from ␣T3-1 cells, and their degradation was examined by mRNA levels rapidly decrease during C2C12 myoblasts differentiation (Kioussi et al., 2002) . Pitx2 mRNA levels denaturing polyacrylamide gels. Using this system, we confirmed that the entire Pitx2 mRNA is unstable and are high in the ectodermal primordium of the pituitary gland at E9.5-E10.5 while dramatically decrease at found that two discrete regions of its transcript, the coding sequence (CDS) and the 3ЈUTR, possess desta-E12.5 ( Figure 1A ). Sustained in vivo overexpression of Pitx2 after E12.5 leads to hyperplasia of selected linbilizing activity ( Figure 1C ). On the contrary, the RNA substrate corresponding to 250 base pairs of the Pitx2 eages in the anterior pituitary (Kioussi et al., 2002) . Altogether these observations indicate that Pitx2 gene ex-5ЈUTR was as stable as GAPDH mRNA ( Figure 1C ). We analyzed Pitx2 3ЈUTR and found that it contains pression needs to be tightly regulated in time and space. We hypothesized that a posttranscriptional control of stretches of U-rich sequences resembling the class III (non-AUUUA) ARE described in c-Jun 3ЈUTR (Peng et Pitx2 expression, additional to the transcriptional control, might exist. al., 1996). To further define the sequences in the 3ЈUTR that confer instability to Pitx2 mRNA, we prepared RNA To explore this possibility, we first measured the halflife of Pitx2 mRNA by RNase protection assay in pituitary substrates including three distinct regions of Pitx2 3ЈUTR (E1, E2, and E3 in Figure 1D ) and their decay rate ␣T3-1 cells at different times after Actinomycin D blockade of ongoing transcription. As shown in Figure 1B , was evaluated in vitro. As shown in Figure 1D , both E1 and E2 regions, that contain class III ARE, display Pitx2 mRNA was rapidly degraded with a half-life of approximately 40 min that is similar to that measured destabilizing activity equivalent to that of the entire 3ЈUTR. On the contrary, the transcript E3 which does in vivo for cytokines, proto-oncogenes, and cell cycleregulated proteins (Chen and Shyu, 1995) . not include ARE was stable in vitro ( Figure 1D ). We and other groups previously showed that rapid A cell-free RNA decay system that reproduces several important aspects of regulated mRNA turnover in mamdegradation of class I and II ARE-RNAs requires the The precipitates were subjected to immunoblot using ␣Pitx2. 10% input of S100 was also included. (Right panel) S100 from LiCl-treated ␣T3-1 cells were incubated with 32 P-labeled c-JunARE RNA and subjected to UV crosslinking followed by immunoprecipitation using ␣HuR, ␣Pitx2, or preimmune sera, blotted to a nylon membrane, and autoradiographed (top panel). The same membrane was reacted with ␣HuR (bottom panel). (E) Interaction between recombinant purified HuR and Pitx2. GST pull-down experiments were performed using bacterially expressed GST or GST-HuR proteins and baculovirus-expressed purified Pitx2. Pitx2 was revealed by immunoblotting using ␣Pitx2. 10% input of purified Pitx2 was also included. (F) HuR interacts with wild-type Pitx2 but not with mHDPitx2. Cytoplasmic extracts were prepared from LiCl-treated Pitx2␣T3-1 and mHD␣T3-1 cells, precipitated with calmodulin-Sepharose beads, and analyzed by immunoblotting using ␣HuR. 10% input of the unprecipitated S100 was included. (G) Pitx2 is required for stabilization of RNA in LiCl-treated S100. (Left panel) S100 depleted with preimmune or ␣Pitx2 sera were analyzed by immunoblotting using the indicated antibodies. (Right panel) Pitx2 3ЈUTR RNA was incubated with either preimmune-or ␣Pitx2-depleted S100 and its decay was analyzed. In some experiments, recombinant GST (50 ng) or Pitx2 (50 ng) or mHDPitx2 (50 ng) were added to the in vitro degradation reaction (25 l).
Results
LiCl-treated ␣T3-1 cells. After UV crosslinking, samples were immunoprecipitated with ␣HuR, ␣Pitx2, or preimmune serum. As shown in Figure 5D (right panel) , an RNA-bound protein corresponding to HuR (see immunoblot at the bottom of the panel) was detected in ␣Pitx2 immunoprecipitates. However, the interaction between Pitx2 and HuR does not require HuR binding to RNA, as demonstrated by GST pull-down experiments shown in Figure 2E . Next, we investigated Pitx2/HuR interactions in Pitx2␣T3-1 and mHD␣T3-1 cells expressing either calmodulin binding peptide (CBP)-tagged wild-type Pitx2 or CBP-tagged mHDPitx2, respectively. Cytoplasmic extracts were subjected to precipitation using calmodulin beads and analyzed by ␣HuR in immunoblotting. The wild-type Pitx2, but not mHDPitx2, coprecipitated HuR (Figure 5F ).
To provide a functional significance to the Pitx2-HuR from LiCl-treated S100 ( Figure 5G , left panel) and the degradation of Pitx2 3ЈUTR RNA was examined. The RNA was stable in preimmune serum-depleted S100 of Pitx2, c-Jun, Cyclin D1, and Cyclin D2 ARE-RNAs.
from LiCl-treated ␣T3-1 cells, while the stabilization was Either a wild-type Pitx2 or a Pitx2 mutated in the homeoinhibited in ␣Pitx2-depleted S100 ( Figure 5G ). Recombidomain (mHDPitx2) (Kioussi et al., 2002) were stably nant Pitx2 reconstituted RNA stabilization when added expressed at the same levels in ␣T3-1 cells (Pitx2␣T3-1 to ␣Pitx2-depleted extracts while recombinant mHDPitx2 and mHD␣T3-1, respectively) ( Figure 5A ). ␣Pitx2 antiwas uneffective ( Figure 5G, right panel) . Pitx2 immunobody recognizes two isoforms of endogenous Pitx2 (ardepletion removed only a portion (less than 50%) of HuR rowheads in Figure 5A ). We previously reported that present in S100 ( Figure 5G , left panel). mHDPitx2 is unable to exert Pitx2 effects on cell proliferThese data indicate that Pitx2 plays a central role ation control (Kioussi et al., 2002 ). S100 were prepared in the Wnt-activated regulatory pathway that stabilizes from both cell lines under either basal conditions or Pitx2, Cyclin D1, Cyclin D2, and c-Jun RNAs. Pitx2 effect after LiCl treatment, and the stability of different AREis mediated, in part, by its interaction with HuR. containing mRNA substrates was estimated in vitro. Whereas Pitx2 3ЈUTR, c-Jun, Cyclin D1, and Cyclin D2 ARE RNAs were unstable in the S100 from untreated Discussion mock-transfected ␣T3-1 cells and mHD␣T3-1 cells, these RNAs were significantly stabilized in the S100 from To further investigate Pitx2 role in Wnt-induced mRNA get genes of the same pathway, c-Jun, Cylin D1, and Cyclin D2. Upon Wnt activation, the cytoplasmic levels stabilization, we examined the expression of Pitx2 upon LiCl treatment. Cytoplasmic and nuclear fractions were and the mRNA interaction of the two destabilizing AREBPs, KSRP and TTP, are reduced while the cytoplasmic prepared from either control or LiCl-treated ␣T3-1 cells and subjected to immunoblot analysis. Pitx2 was preslevels and the mRNA interaction of HuR, a stabilizing ARE-BP, strongly increase. In vitro reconstitution/depleent at low levels in the cytoplasm of ␣T3-1 cells, and LiCl treatment strongly increased the levels of cytoplasmic tion experiments suggest that the combined regulation of these three ARE-BPs recapitulates Wnt/␤-cateninPitx2 ( Figure 5C ). As expected (Kioussi et al., 2002) , the total levels of Pitx2 were increased by LiCl treatment dependent mRNA stabilization. Importantly, Pitx2 itself is involved in the Wnt-dependent mRNA turnover (data not shown). Preliminary results from our laboratory indicate that Pitx2 belongs to a large multiprotein comcontrol. It has become clear in the recent few years that gene plex comprising some RNA binding proteins (P.B., C.I., P. Tempst, and M.G.R., unpublished data). Therefore, expression in eukaryotes requires several multicomponent cellular machines. Recent studies lead to the view we investigated whether Pitx2 can interact with HuR, and we found that Pitx2 and HuR coimmunoprecipitate that a complex and extensively coupled network has evolved to coordinate the activities of the gene expresin S100 of LiCl-stimulated ␣T3-1 cells ( Figure 5D, left  panel) . To further investigate Pitx2/HuR interactions, lasion machines. For instance, when required, the transient activation of gene transcription can be converted beled c-Jun ARE mRNA was incubated with S100 from into a prolonged expression by modulation of transcript cells strongly increases both HuR cytoplasmic levels and its interaction with mRNA. Furthermore, reconstituhalf-life (Orphanides and Reinberg, 2002 et al., 1994) . Notably, an ARE-dependent control of the turnover of BRF1 is as efficient as either KSRP or TTP in reconstituting rapid mRNA decay when added to S100 prepared labile transcripts encoded by genes regulating mammalian organogenesis has not been reported yet.
from LiCl-treated cells. In light of the observation that Wnt activation does not affect ARE-BPs expression levWhile much knowledge has accumulated regarding the mechanisms by which signal transduction pathways els, it is tempting to speculate that the effect on mRNA stability induced by Wnt/␤-catenin activation is caused, regulate gene expression at the transcriptional level, it has become evident in the last years that the same at least in part, by regulated and coordinated cytoplasmic translocation of both destabilizing and stabilizpathways have dramatic effects on mRNA stability control. Activation of signaling pathways including JNK, ing ARE-BPs. MAPK p38, PI3K, ERK, and cAMP-activated kinase has been proven to induce relevant changes in the turnover Pitx-2 as a Target suggest that Pitx2 regulates additional events that connaling activation, the addition of recombinant KSRP and trol mRNA stability. Pitx2 immunodepletion from LiCl-TTP to the cell-free system restores the rapid decay of treated S100 removes less than 50% of HuR present in Pitx2, c-Jun, Cyclin D1, and Cyclin D2 mRNAs. This the extracts while it causes a complete destabilization suggests that the decreased interaction of mRNAs with of Pitx2 3ЈUTR RNA. Conversely, complete HuR immuthese destabilizing ARE-BPs is a major event that leads nodepletion from LiCl-treated S100 (that removes less to mRNA stabilization upon Wnt activation. Accordingly, than 50% of Pitx2 [data not shown]) does not completely KSRP overexpression in ␣T3-1 cells strongly reduces destabilize Pitx2 3ЈUTR RNA. Altogether these results the LiCl-induced mRNA stabilization (P.B. and R.G., unsuggest that HuR is not the only target of Pitx2-mediated published data). mRNA stabilization.
It is now clear that HuR subcellular localization is intimately linked to its stabilizing function (reviewed in Brennan and Steitz, 2001). HuR is predominantly (Ͼ90%)
Conclusions Regulating a rate-limiting step is an efficient way to localized in the nuclei of unstimulated cells and it translocates to the cytoplasm of stimulated cells in order to control the overall rate of a multistep process. However, there is a limit to the level of regulation that can be exert its mRNA-stabilizing activity (Gallouzi et al., 2000;  Wang et al., 2000, 2002) . Indeed, Wnt activation in ␣T3-1 achieved by controlling a single step; there is no point 
